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We report and characterize low-temperature, plasma-
deposited deuterated silicon nitride thin films for non-
linear integrated photonics. With a peak processing
temperature less than 300◦C, it is back-end compati-
ble with pre-processed CMOS substrates. We achieve
microresonators with a quality factor of up to 1.6 ×
106 at 1552 nm, and > 1.2 × 106 throughout λ =
1510 − 1600 nm, without annealing or stress manage-
ment. We then demonstrate the immediate utility
of this platform in nonlinear photonics by generat-
ing a 1 THz free spectral range, 900-nm-bandwidth
modulation-instability microresonator Kerr comb and
octave-spanning, supercontinuum-broadened spectra.
Integrated photonics provides a versatile platform for the
study and exploitation of nonlinear optical phenomena. Tech-
nological developments in this area have long been motivated
by the quest to realize compact, lightweight and efficient optical
frequency converters and synthesizers, as well as broadband
and stabilized frequency combs [1]. But to achieve such tech-
nologies, a suitable material platform is required. Of the many
materials that have been considered, trade-offs exist between
the strength of the Kerr nonlinearity, refractive index, disper-
sion, and linear/nonlinear absorption [2]. To date, stoichiomet-
ric, low-pressure-chemical-vapor-deposited(LPCVD) silicon ni-
tride (SiN) has been a highly successful material, despite its
modest nonlinearity compared to many semiconductor alterna-
tives. The relative ease of realizing low-loss waveguides and
its superior transparency window at shorter wavelengths (en-
abling simple and inexpensive telecom-band pumping) have
bolstered its position as the material of choice. These proper-
ties have resulted in numerous developments such as soliton
microcombs [3], normal-dispersion microcombs [4], ultra-low
power optical parametric oscillators [5], supercontinuum gener-
ation for self-referenced frequency combs at low pulse energies
[6], and mid-infrared microcombs [7].
These outcomes are possible because of the substantial re-
search into improving the processing and properties of SiN
films produced via LPCVD [5, 8, 9]. The major lessons learned
include how to avoid crack propagation from the intrinsically
high stress of thick films, as well as the minimization of hy-
drogen content (which normally causes substantial loss due
to the N-H overtone absorption peak from 1500 – 1550 nm
[10]). All modern LPCVD SiN processes either involve high-
temperature anneal and deposition cycles (adding to expense
and yield degradation), or suffer from occasional cracks that
propagate into device regions. Furthermore, such films cannot
be directly deposited on top of pre-processed CMOS wafers or
chips, due to the high temperatures (> 700◦C) required. The
same limitation applies for various temperature-sensitive pho-
tonic platforms such as thin-film LiNbO3[11] on silicon, necessi-
tating complex integration alternatives such as direct bonding
[12]. These are causes for concern when evaluating the commer-
cial viability of SiN photonics.
Plasma-enhanced chemical vapor deposition (PECVD), on
the other hand, is a straightforward and commercially favor-
able processing technique with many advantages including
simple control over film stress, high repeatability, and low tem-
perature requirements (<400◦C). This has motivated a parallel
branch of research into optimizing SiN films deposited at low
temperatures [10, 13–15]. The predominant limitation for most
PECVD SiN films is the loss due to N-H bonds, since the hydro-
gen content is high in low-temperature, unannealed thin films.
Thus, most studies have focused on reducing the content of N-
H bonds in particular. Still, the worst-case propagation loss
throughout the 1500 – 1600 nm wavelength range has not been
reduced below 2.5 dB per cm [10]. This is too high to be useful
for most photonics applications, since it limits bandwidth, pre-
vents long propagation lengths and increases susceptibility to
optical damage.
An effective solution is to employ isotopically substituted
precursors during the deposition process to modify the bond
energy of the N-H overtone (such as deuterated silane, SiD4 in-
stead of conventional silane, SiH4) [16]. This has been shown to
shift the absorption band from 1.5 µm to about 2 µm, where the
absorption will not critically affect most applications [17]. This
technique has been demonstrated primarily for silicon oxyni-
tride (SiON) films [17–19], showing exceptionally low losses
while retaining a modest index contrast. Recently, deuterated
2Fig. 1. (a) Optical micrograph of a shallow-etched microres-
onator under test with input/output optical fibers; (b) Drop-
port transmission of a resonant mode at 1552 nm (the slight
asymmetry is due to a weak scattering doublet); (c) Spectrum
of peak total quality factor vs. wavelength; (d) Measurement
of propagation loss at the N-D overtone absorption peak,
showing two different device lengths (black,red) and the ex-
tracted propagation loss (blue).
SiN (SiN:D) has been reported with promising material perfor-
mance (loss of 0.47 dB per cm at λ = 1550 nm) for passive device
applications, although the films were silicon deficient and had
a substantially reduced refractive index of n = 1.87. [20]. In
this work, we demonstrate the viability of SiN:D waveguides
for nonlinear integrated photonics. First, we present an op-
timized deposition process which results in high-index, low-
loss waveguides with microresonators throughout λ = 1500
– 1600 nm. Next, we design and test fully-etched microres-
onators and demonstrate broadband modulation-instability mi-
crocombs. Finally, we show efficient and broadband supercon-
tinuum generation with pulsed pumping of straight and folded
waveguide paths.
First, we describe the process for optimization of the thin
film properties. The fabrication work was performed at the
Boulder Microfabrication Facility at NIST. Prior to the instal-
lation of the deuterated precursor SiD4, a series of tests were
performedwith conventional SiH4, to improve the baseline SiN
film quality. Losses and refractive index were measured at 633,
1065, 1548 and 1640 nm utilizing prism coupling techniques[21].
Next, a gas line normally used for conventional silane gas
(SiH4) was evacuated, then the tank was swapped for a cylin-
der containing deuterated silane (SiD4) with 98% isotopic pu-
rity, with a total gas volume of 75 L. This was plumbed to an
inductively-coupled plasma chemical vapor deposition system
(ICP-CVD). The best deposition parameters from the trial run
were taken as a starting point for the SiN:D optimization. The
gas flows needed to be adjusted by small amounts in order
to compensate for the difference in molecular mass. The best
results were obtained with the following parameters: 270◦C
platen temperature, 10 mTorr chamber pressure (striking at 3
mTorr and then increasing to 10 mTorr rapidly), 1000 W ICP
power, 0 W radio-frequency (RF) bias power (with 30 W tem-
porarily used to assist in striking the plasma arc), 36 sccm SiD4
flow (note that this number is specified for a mass flow con-
troller (MFC) calibrated to conventional SiH4) and 31 sccm N2
flow. The resulting films exhibit a nominal refractive index of
1.98 ± 0.01 at 1548 nm. A low tensile stress value of 191 MPa
was measured for a 568 nm thick SiN:D film. Several differ-
ent thicknesses were deposited for future tests, including a 1.05
µm thick film that exhibited no cracks. The simplicity and ro-
bustness of this process makes it a promising approach to large-
scale integration of SiN photonics.
Having achieved an acceptable starting point for film qual-
ity, we moved to passive microresonator fabrication. A 920
nm thick SiN:D film was deposited on a 76 mm diameter ther-
mally oxidized (∼ 3 µm) silicon wafer. Prior to the deposition,
the wafer was plasma-cleaned inside the ICP-CVD chamber to
improve the adhesion and bottom surface quality. Next, we
patterned add-drop microresonator test devices with a radius
of 180 µm with electron-beam lithography. The patterns were
partially etched by 430 nm using CF4 and O2 chemistry in an
ICP reactive ion etching (ICP-RIE) tool. Finally, the resist was
stripped and the wafer was coated with an SiO2 cladding. De-
vices were tested with fiber-to-grating couplers (see Fig. 1(a)) to
measure the (weakly loaded) total quality factors of transverse-
electric (TE) polarized resonant modes across a broad wave-
length range from λ = 1510 – 1600 nm. A peak quality factor
in the C-band of 1.6× 106 was observed at 1552 nm [Fig. 1(b)],
corresponding to a 2× improvement in propagation loss com-
pared to previous SiN:D waveguides [20]. The quality factors
and corresponding linear propagation losses for a particular res-
onator (ring width = 2.3 µm, gap = 2 µm) are plotted in Fig. 1(c).
For calculating the propagation losses via the quality factor, a
group index of ng = 2.06 was assumed based on mode simula-
tions. It is notable that the loss increases somewhat at shorter
wavelengths, due to the N-H absorption. The residual ∼2%
hydrogen from the limited precursor purity is the most likely
cause. This is easily avoided by using higher-quality precursor
gas in the future. Despite this, the worst-case propagation loss
of 0.31 dB per cm represents an 8× reduction over a span from
1510 – 1600 nm, compared to state-of-the-art work in PECVD
SiN:H films [10]. For applications such as comb generation
where threshold power scales inversely with the square of the
quality factor, such an improvement represents access to new
functionality in low-temperature, plasma-deposited SiN films.
In the near future, improvements to the quality factor could be
realized by chemical-mechanical polishing (CMP) of the start-
ing wafer surface as well as the top surface of the SiN film [5].
Optimization of the etch recipe will also allow for higher qual-
ity factors.
We also investigated the properties of the vibrational energy
shift caused by the N-H to N-D bond substitution. Based on
prior work on deuterated thin films, it is expected to reappear
at a wavelength near ∼2 µm [17]. To test this, we injected a
supercontinuum light source [22] into waveguides of different
lengths, then used the cut-back method to deduce the propaga-
tion loss from the absorption peak near 2 µm. The results are
shown in Fig. 1(d). A peak propagation loss of 5.2 dB per cm
is observed in a narrow band centered at a wavelength of 2.04
µm. We thus conclude that this process is highly effective in re-
locating the most severe losses from the 1550 to 2000 nm region,
allowing mature telecom laser technology to be used.
Next, we conducted an additional fabrication run, this time
focused on nonlinear photonic devices including microcomb
cavities and waveguides for supercontinuum generation. A 76
mm wafer coated with 860 nm of SiN:D was processed simi-
larly to the previous run, except that the waveguides were fully-
3Fig. 2. (a) SEM cross section of a representative SiN:D waveg-
uide; (b) Top-view optical micrograph of a 1 THz FSR micror-
ing resonator; (c) Comb spectrum from a 1.5 µm ring width
resonator. Inset: resonant mode used to generate this comb
with total Q of 5.6× 105; (d) Oscilloscope time trace of comb
power (after pump filtering) during red detuning of the pump
laser frequency, showing evidence for dissipative Kerr-soliton
transient formation with two discrete and repeatable step lev-
els (dashed lines); (e-f) Comb spectra corresponding to (e) 1.6
µm and (f) 2.1 µm ring widths.
etched this time, and SF6+C4F8 etching chemistry was utilized
to achieve higher selectivity. A scanning electron micrograph
(SEM) cross section of a typical waveguide from the wafer is
shown in Fig. 2(a). The 5 mm x 10mm chips were released from
the wafer with deep-etching to enable the simultaneous fabrica-
tion of high-quality facets on every chip. Inverse tapers were
included for every waveguide path. A gap of 1 µm was used
between the etched SiO2 facet and the SiN:D taper tip. A typical
end-to-end transmission of 62% was observed with free-space
input and output coupling for a 4.6 mm long straight waveg-
uide, corresponding to a maximum per-facet insertion loss of
1.0 ± 0.1 dB at λ = 1560 nm (TE-polarized case). Depending
on the actual propagation loss of the waveguides (higher than
that of a microring, due to the field stitching errors it encoun-
ters along the path), the actual per-facet insertion loss is likely
lower.
We now consider themicrocomb results from this fabrication
run. We fabricated a separate chip with 1 THz free-spectral-
range (FSR) microresonators (ring radius of 23 µm), shown in
Fig. 2(b). TE-polarized light was coupled on- and off-chip via
lensed fibers, having a higher insertion loss of ∼2 dB per facet.
Several microresonators with different ring waveguide widths
(W) and coupling gaps were tested to ascertain ideal coupling
conditions. All devices employed weakly-tapered pulley cou-
plers [23] with a coupling length of ∼15 µm, and 700 nm-wide
bus waveguides. A parametric oscillation threshold as low as
40mW (estimated coupled pump power on-chip) was observed.
During testing, modulation-instability (MI) comb spectra were
observed for a variety of devices, two of which are highlighted
here. The first is a resonator with a ring width of 1.5 µm and
a coupling gap of 0.75 µm. The selected mode at 1558 nm is
depicted in the inset of Fig. 2(c). The MI comb spectra at a
continuous-wave (CW) on-chip pump power of approximately
440 mW is shown in Fig. 2(c), extending from 1350 to 1900
nm. Other spectra corresponding to different ring widths are
also displayed in Fig. 2(e-f). In the case of 2(f), the spectrum is
strongly shaped by the pulley coupler efficiency. During slow
laser frequency tuning (via a piezo mechanism) across the res-
onance, various soliton steps were observed (Fig. 2(d)) with a
duration of approximately 20 ns. Stable soliton generation in
these devices has not yet been confirmed, due to the relatively
strong thermal shift that occurs from the larger absorption co-
efficient (compared to annealed LPCVD SiN films), making it
difficult to stabilize the spectrum when it collapses into a soli-
ton state [24]. However, the SiN:D material absorption is most
likely not minimized yet, given the brief time window avail-
able to conduct these film depositions, and the large parameter
space over which to search. As was the case for LPCVD SiN, we
expect the properties of SiN:D to improve considerablywith ad-
ditional time and effort.
Additionally, arrays of straight and folded waveguide paths
were fabricated for testing the supercontinuum generation per-
formance (Fig. 3(a)). A fiber-based mode-locked laser was used
as the pump, with a center wavelength of 1560 nm, a repeti-
tion rate of 100 MHz, a pulse width of ∼80 fs, and an aver-
age power of up to 178 mW. TE-polarized light was coupled
on-chip via an aspheric lens (NA = 0.56), and off-chip via a
multimode output fiber. The output spectrum was resolved
in either a grating-based optical spectrum analyzer (OSA) for
shorter wavelengths, or a Fourier-transform spectrometer for
longer wavelengths. First, we studied the dependence of the
supercontinuum spectra on the waveguide width for a constant
propagation length of ∼4 mm. Widths were scanned from 1.1
to 5.1 µm, and a subset of the results is shown in Fig. 3(b).
At W = 1.1 µm, the waveguide experiences normal dispersion
around the pump, indicated by the small degree of broaden-
ing via self phase modulation (SPM) in the spectrum. However,
anomalous-dispersion features appear at only slightly wider
widths, showing a strong dispersive wave in the red or short-
wave IR spectrum. More than one octave of broadening is ob-
served in most of the waveguide widths, despite the short prop-
agation length.
To realize low-pulse-energy supercontinuum and dispersive
wave generation, longer waveguide paths are required. We
tested paperclip-folded waveguide paths (Fig. 3(a)) of differ-
ent lengths and waveguide widths to study the performance. A
bending radius of 160 µmwas used, sufficient for relatively low
bending losses at telecommunications wavelengths. In Fig. 3(c-
d), the evolution of the experimentally measured output spec-
trumwith respect to increasing pump power is displayed in the
case of W = 2.6 µm and a total propagation length of 17.8 mm.
Strong dispersive wave generation at λ = 950 nm is observed at
average powers of 15 mW (corresponding to a pulse energy of
150 pJ).
In conclusion, we fabricated high-quality deuterated sili-
con nitride (SiN:D) films that greatly reduce the effects of N-
H bonds in the S & C telecommunications bands, by utilizing
4plasma-deposition and isotopic precursor substitution. These
waveguides exhibit propagation losses below 0.31 dB per cm
throughout λ = 1510 – 1600 nm. Next, we fabricated waveg-
uides and microresonators to test the nonlinear performance
of the material. Modulation-instability comb spectra were ob-
served by pumping 1 THz FSR microrings near 1550 nm center
wavelength, showing FSR-spaced comb teeth spanning from
λ = 1200 – 2100 nm. Additionally, long folded-path waveg-
uideswere pumpedwith a femtosecond laser at 1560 nm, show-
ing supra-octave spanning supercontinuum generation, as well
as low-threshold dispersive wave generation at average pump
powers of∼15 mW. These promising results, as well as the sim-
plicity of the fabrication technique, build a strong case for the
continued development of the SiN:D platform.
In addition to the applications investigated in this work,
we believe this platform may significantly benefit the fol-
lowing endeavors: (1) multi-plane (3D) photonic integration
by providing back-end compatible, low-stress, low-loss and
high-index-contrast waveguides [25, 26]; (2) telecommunica-
tions, by providing a path toward reliable and cost-effective
SiN-based cascaded-four-wave-mixing cavities for wavelength-
multiplexed transceivers [27]; (3) quantum photonics, through
low-temperature processing of SiN films for entangled pair gen-
eration on pre-processed substrates [28]; and (4) straightfor-
ward heterogeneous integration of SiN waveguides with χ(2)
substrates such as thin-film lithium niobate on silicon [11] and
AlGaAs-on-insulator [29].
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